most convenient for applications, because the transparency for both the probe and the signal light through the medium greatly simplifies the experimental setup, together with the removal of restrictions in the geometrical setting of the interface. Fluorescence spectral measurements are quite sensitive for an electrified interface, where a strong quenching environment is absent, because the signal has no background, in principle. Vibration spectral measurements, such as IR reflection, Raman scattering, and sum frequency generation spectroscopies, are also important to see the molecular structure details. When applying these techniques, modulation methods provide a high sensitivity and capability of tracking the dynamic behavior of molecules.
In this review, we focus on recent progress and applications of potential-modulation spectroelectrochemical methods at solid/liquid and liquid/liquid interfaces. For both interfaces, the advantages of the use of potential-modulation methods are highlighted using our recent experimental results obtained in the UV-visible wavelength region.
1·2 Potential-modulation spectroscopy: general features
When our interests are in the detection of minimal changes of the structures and the states of the molecules at an electrified interface, a dc measurement of a spectroelectrochemical signal is frequently suffered with both a lack of sensitivity and stability and an inaccessibility to interfacial dynamics. It sometimes appears to be challenging to minimize the drift of the spectrophotometer due to the probe light intensity fluctuation, the influence of mechanical vibration, and electromagnetic noise.
On the other hand, an ac measurement of a spectroelectrochemical signal with a potential-modulation perturbation enables us to detect only the ac change induced by the modulation. It can exclude from the signal to be obtained the superimposed dc component, ac components at different frequencies, and random noises. Therefore, we can achieve higher sensitivity, stability, and S/N ratio. For example, when we should detect by a dc measurement the change of one part per thousand added on an unchanged thousand-level dc signal, we should offset the thousand-level of the dc part before amplification, or increase the full detection range by 3 orders of magnitude. In an ac measurement, in contrast, we can directly see an ac change of one part per thousand.
However, in order for the ac measurements to be conducted meaningfully, the spectroelectrochemical signal should oscillate in harmony with the ac potential-modulation. Therefore, the origin of the signal should be a chemically reversible process. In addition, we can gain access to the difference of the spectra between two states, but not to the absolute spectrum at a given potential.
In spite of the above-mentioned restriction in applying an ac method, the detection of a spectroelectrochemical signal as a response to only ac potential-modulation appears to be a powerful tool in spectroelectrochemistry. The advantages include not only the sensitive detection of a very small change of the spectroscopic signal exclusively induced by the modulation, but also the capability of tracking the kinetics. The phase shift of the output spectroscopic ac signal with respect to the input ac modulation directly reflects how fast the system follows the potential change, as discussed later.
In this review, we deal with only the modulation of the potential, while a number of other parameters can also be the modulation input, for example, wavelength, 8 intensity and polarization of the probe light, photo-excitation, 9 and current. As the origin of the ac spectroscopic signal, even if we limit the scope of the UV-visible wavelength region, a variety of optical processes can be used, including internal and external reflection, transmission, fluorescence, Rayleigh and Raman scattering, and non-linear optical processes.
In Section 2, a description of the potential-modulated UVvisible reflectance and transmission-absorption spectroscopies at solid/liquid interfaces is followed by that of potentialmodulated fluorescence spectroscopy at liquid/liquid interfaces.
2 Potential-Modulation Spectroscopy: Theory and Practice 2·1 Potential-modulated UV-visible reflectance and transmission spectroscopy at solid/liquid interfaces The title reflection method is referred to as electroreflectance (ER) spectroscopy and the transmission method to potentialmodulated transmission-absorption (PMTA) spectroscopy. Because a number of excellent reviews for ER spectroscopy have already been published with rather comprehensive contents, 1, 6, 10 we give herein a brief summary of the method, and then highlight our recent application for a redox protein. For PMTA spectroscopy, our recent application for a gold nanoparticle (Au-NP)-immobilized indium-tin oxide (ITO) electrode is used as an example.
2·1·1 Electroreflectance (ER) spectroscopy
Monochromatic probe light with a steady state intensity, I0, is irradiated to a mirror-like flat surface of an electrode, the potential of which is ac modulated as described by the following equation using a complex representation:
where Edc is the dc potential, Eac is the ac potential, ΔEac is the zero-to-peak amplitude of Eac, j is an imaginary number, ω = 2πf is the angular frequency (f is the frequency in a unit of Hz), and t is the time. When the value of ΔEac is small enough to give a linear response, the reflected light intensity, Ir, is given as
where Rdc and Rac are the dc and ac reflectance, respectively, ΔRac is the amplitude of Rac, and φ is the phase of Rac with respect to Eac. The term φ represents how fast the electrode surface process can follow Eac. 10 Phase-sensitive detection of the I0Rac (the ac part of Ir at an angular frequency of ω) by a lock-in amplifier with simultaneous monitoring I0Rdc as timeaveraged R allows us to record the ER signal, which is defined as Rac/Rdc and designated as (ΔR/R)ER. The ER signal possesses both real and imaginary parts. The former is its in-phase component to Eac, and the latter is the 90˚ out-of-phase component. In another form, the relationship is expressed as cot φ = -Re[(ΔR/R)ER]/Im[(ΔR/R)ER]. A simplified scheme of the ER measurement setup is shown in Fig. 1 . An ER spectrum, a plot of the ER signal as a function of the incident light wavelength (λ), represents the reflection spectrum at positive potential, from which that at negative potential was subtracted.
Any potential-responsible, chemically reversible process at an electrode surface gives rise to a non-zero ER signal as long as it is accompanied by a change in the optical properties of the interface, regardless of whether it takes place at the surface, in the solution proximity of the surface, or both. Such processes include adsorption-desorption and an orientation change of a chromophore, a change of the interaction between a double-layer static electric field and the transition dipole of a chromophore (i.e. so-called electrochemical Stark effect), 11 and even a change 1042 ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 of the density of the surface free electrons of a metal electrode. 6 In addition to the above-listed non-faradaic processes, redox reactions give rise to ER signals, if the absorption spectrum of the reduced form is different from that of the oxidized form. In this case, the ER spectrum actually corresponds in many cases to the difference absorption spectrum between two different oxidation states, by the use of which a discussion about the state of redox-active molecules at the interface is allowed.
As noted in 1·2, the analysis of real and imaginary-part ER signals allows one to elucidate the kinetics and reaction mechanism and to discriminate of more-than-one reactions that take place simultaneously. This is also the case for PMTA at transparent electrode/solution interfaces as well as for potentialmodulated reflectance and fluorescence measurements at liquid/liquid interfaces; the latter is explicitly demonstrated in 2·2. It is worthwhile to note here two essential points in the analysis using both real and imaginary parts:
(1) When one observes a single-component electrochemical process by potential-modulation methods at a given Edc, the real and imaginary parts should give the same spectrum structure at any frequencies, yet their sign and intensity are not necessarily the same. This is an important diagnostic criterion in analytical interfacial electrochemisty.
(2) Being similar to impedance spectroscopy, one can represent real and imaginary-part signals as a function of the modulation frequency on a complex plane. This data can be analyzed on the basis of an interfacial equivalent circuit including solution resistance and double-layer capacitance (therefore, an ohmic drop correction can be made while performing data analysis after measurements, if necessary). When the ER signal is due to a redox reaction, we can obtain a heterogeneous electron-transfer rate constant. 10 When the potential-modulated fluorescence signal is due to adsorptiondesorption at a liquid/liquid interface, related kinetic parameters are obtained (see 2·2). In general, a more sluggish process gives rise to a greater imaginary part relative to the real part at lower frequencies. 2·1·2 ER spectral measurement as exemplified by redox of a heme protein A typical example for the redox ER signal of cytochrome c (Cyt-c), a mono-heme protein, immobilized on an polycrystalline Au electrode modified with a self-assembled monolayer (SAM) of 11-mercapto-undecanoic acid (MUA), is shown in Fig. 2 as an ER spectrum. 12 The spectrum represents the absorption spectrum of Cyt-c with the ferro-heme, from which that of the ferri-heme is subtracted. In cases like this, where chromophores are incorporated in a transparent medium dispersively without direct contact with the electrode surface, the ER spectrum usually corresponds to the difference absorption spectrum. However, in the case that a dye layer covers the electrode surface by direct contact, the ER spectrum is far different from the difference absorption spectrum. In such a case, interpretation of the ER spectrum should be made based on an interfacial model with optical theories. 13 Note that the amount of immobilized Cyt-c for Fig. 2 is 5 × 10 12 molecules cm -2 , demonstrating the high sensitivity of the ER spectral measurement.
It has been predicted for Cyt-c immobilized on this SAM by many dc spectroscopic measurements 14 and simulations 15 that the molecules are uniformly oriented, so that the heme crevice of Cyt-c is totally facing the SAM but not the solution phase, while some reports have rebuted this model. 16 It is desirable to experimentally estimate the orientation of the heme by multiple spectroscopic methods. Because the light absorption of an orientated chromophore depends on the polarization of the probe light, an ER measurement with polarized incident light should be well-suited as one of the methods to monitor the orientation of molecules.
Previously, we developed a method to obtain the orientation of dyes adsorbed on electrode surfaces by using p-and s-polarized incident light in ER spectral measurements. 17 The ratio of the ER signal with p-polarized light against that with s-polarized light (p/s-ratio) was described as a function of the incident angle of the probe light (θ) with respect to the surface normal when the chromophore to be probed possesses a single transition dipole. This formulation has been experimentally verified for a monolayer of viologen thiol (VT) on a Au electrode. 17 However, the absorption of heme (iron protoporphyrin IX) is due to doubly degenerated transitions. When degeneration occurs for two orthogonal dipoles with an equivalent strength, we can use another model previously applied successfully for iron protoporphyrin IX molecules adsorbed on a basal plane of a highly oriented pyrolytic graphite (HOPG) electrode. molecules on the SAM. What is meant by this fact is the need to separately calculate the interactions of two non-equivalent orthogonal dipoles with the electric field vectors of the light to describe the ER signal. Using the model shown in Fig. 3(a) , we can simultaneously deal with two single dipoles (μx and μy), where their orientation angles (ϕx and ϕy) have a specific geometric relationship. 12 The lines in Fig. 3(b) are working curves on the basis of this new model with an assumption that one of the dipole is upright to the electrode surface and the other is almost parallel to the surface. This corresponds to an almost vertical orientation of the heme plane to the electrode surface. The experimental p/s-ratios well fit to the lines. If we intentionally tilted the heme obliquely, or rotated with respect to the main axis of the porphyrin ring in the model, the fitting always became worse. These results clearly point to the highly oriented hemes of Cyt-c molecules on the SAM-covered electrode. In light of the electrochemical kinetic data, 18 the results support the model that the heme crevice of immobilized Cyt-c molecules is really facing the SAM surface, facilitating electron transfer with the underlying Au electrode. 2·1·3 PMTA spectroscopy as exemplified by Au-NP on ITO In PMTA spectroscopy, if we take the ac and dc transmitted light intensity instead of I0Rac and I0Rdc in the ER method, respectively, the principle of the ac measurement of the transmission-absorption of the light is the same as ER spectroscopy. Typical PMTA spectra for an ITO electrode with immobilized Au-NPs together with irreversibly adsorbed VT molecules on the NPs are shown in Fig. 4 . 19 The PMTA signal, represented by ΔI/I, signifies the absorbance at a more negative potential from which that at a more positive potential is subtracted. Figure 4 (a) shows the PMTA spectrum at Edc, where no redox reaction takes place. A positive-going peak of the real part around 477 nm in Fig. 4(a) is interpreted to be due to a blue shift of plasmon absorption band of Au-NP while changing the potential to more negative. 19, 20 The charging-discharging of AuNPs by electron transfer between ITO and immobilized Au-NP is the origin of the PMTA signal. When an Au-NP is more negatively charged, the plasmon band of Au-NP is shifted to shorter wavelength along with a sharpening and enhancement of the peak. 19, 20 When Edc is set at the formal potential (E 0 ′) of the redox 1044 ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 reaction of viologen, one may expect that the sum of the absorption spectrum of the viologen radical cation and the spectrum of Fig. 4(a) should be obtained, bearing in mind that the oxidized form of viologen is colorless. Although the occurrence of the viologen redox reaction was confirmed at E 0 ′ by separate voltammetric measurements, what was obtained is the PMTA spectrum of Fig. 4(b) being far different from the above-mentioned prediction. A similar abnormality was also observed in the ER spectra at a Au electrode. 19 It is likely that a strong interaction between viologen cation radical moieties and Au-NPs under plasmon excitation of the NPs is the origin, because a change from the solution absorption spectrum of the reduced form of viologen occurred only around the plasmon band. This can not originate from an enhancement of the electromagnetic wave of the light in close proximity of the nanoparticle, but presumably from a charge-transfer like resonance. Further studies to examine the generality of this phenomenon using other dyes and to model the NP-dye interaction under plasmon excitation are required.
2·2 Potential-modulated fluorescence spectroscopy at
liquid/liquid interfaces Spectroelectrochemical approaches based on the linear potential sweep technique while the monitoring an optical signal, such as fluorescence and absorption, have been developed to study the ion-transfer reaction at liquid/liquid interfaces. [21] [22] [23] [24] By analyzing the appropriate optical signal instead of the overall current, the interfacial behavior of the target dye species could be studied in the absence of the interference with non-chromophoric species.
A lock-in detection of ac-modulated optical signals under the potentialmodulation superimposed on a linear potential sweep improves the sensitivity and the selectivity to the interfacial phenomena of dye species. Potential-modulation spectroscopy, therefore, has been applied for the charge-transfer reaction across the liquid/liquid interface in terms of the potential-modulated reflectance (PMR) 25, 26 and the potential-modulated fluorescence (PMF). 27, 28 In particular, the high sensitivity of PMF spectroscopy to interfacial phenomena has enabled us to use various fluorescent species, such as porphyrin, [27] [28] [29] xanthene, 30-32 and pyrene derivatives. 33 The fundamental expression of PMF responses is derived within the framework of simple phenomenological models for ion-transfer and adsorption at a polarized liquid/liquid interface. 28 The sinusoidal perturbations of the Galvani potential difference across the interface (Δo w φ ≡ φ w -φ o ) is given in analogy with Eq. (1) as
where Δ φac is the amplitude of the ac potential-modulation. The positive change of the Galvani potential difference would be a driving force for the transfer of cationic species from the aqueous to organic phases. The reverse-transfer process has been developed for anionic species. Considering the fluorescent ion initially placed in the aqueous phase, the frequency-dependent fluorescence response (ΔFt) associated with a quasi-reversible ion transfer can be directly correlated with the faradaic ac current (if,ac). 21 In the case of the total internal reflection (TIR) condition (angle of incidence, θ), ΔFt is described as 27 where ε, Φ, z, F, and S, respectively, are the molar absorption coefficient, the fluorescence quantum yield, charge number of transferring ions, Faraday constant, and interfacial area. Numerical simulations of the PMF response for cationic species with various ion-transfer rate constants are illustrated in Fig. 5(a) . In the case of cationic species, the positive change of the Galvani potential difference would be a driving force for iontransfer from the aqueous to organic phases. A PMF complex plane plot for cationic species appears in the forth quadrant. The real and imaginary components have almost the same magnitude for ion-transfer rate constants greater than 0.1 cm s -1 . It should be noted that the second quadrant complex plane is applied for the transfer of anionic species, since the potential dependence of the direction of the transfer process is opposite. 29, 31 In the case that the adsorption of ionic species is described by the potential-dependent adsorption model based on the Langmuir isotherm, the frequency-dependent fluorescence response (ΔFa) associated with the adsorption of the fluorescent ion from the aqueous phase to the interface can be expressed as a function of the ac surface coverage (θac), 28 ΔFa = 2.303εΦI0ΓsSθac, where Γs is the saturated interfacial concentration. θac is described as
ΔFt
where b is the portion of the applied potential employed for adsorption process (b w + b org ≤ 1), α is the overall transfer coefficient for the adsorption process, cdc is the bulk concentration, and θdc is the dc surface coverage; ka,dc and kd,dc are the dc components of the adsorption and desorption rate constants at given potentials, respectively. The appropriate reverse sign is applied to Eq. (6) for the adsorption process from the organic phase because of an opposite potential dependence of the surface concentration. The complex plane of PMF for an adsorption process is described as a semicircle, as shown in Fig. 5(b) , in contrast to that for a quasi-reversible transfer process, expressed as distorted lines approaching to the point of origin (cf. Fig. 5(a) ). In addition, adsorption processes from aqueous and organic phases are clearly distinguishable due to the 180˚ phase shift. For a cationic species, the complex plane of the adsorption process from the aqueous and organic phases appears in the fourth and second quadrants.
As shown in Figs. 5(a) and 5(b), the frequency response of the PMF signal gives a diagnostic criterion to clearly distinguish which interfacial process takes place (i.e., transfer or adsorption) and the location of the adsorption process (i.e., from aqueous or organic phase to the interface). A PMF complex plane plot measured around the formal transfer potential often shows an intermediate frequency response behavior involving both transfer and adsorption processes. 28 The PMF spectroscopy can effectively extract the interfacial optical signal, especially for adsorption, from the fluorescence signal arising throughout the optical path in the bulk organic phase, even though the transfer response relatively decreases in the case of the fluorescent ion initially placed in the organic phase.
The typical experimental setup for the PMF measurement is schematically shown in Fig. 6 . A glass tube filled with the aqueous phase is located into the organic phase, 1,2-dichloroethane (DCE), and the water/DCE interface is polarized by a four-electrode potentiostat. The interface is illuminated under a TIR condition by a cw laser. The fluorescence signal is collected perpendicularly to the interface by a photomultiplier tube (PMT) and analyzed by a digital lock-in amplifier. Further details of the experimental setup have been reported previously. 27 ,29
RT
The combination of PMF spectroscopy and conventional electrochemical techniques has allowed us to uncover the interfacial adsorption and transfer processes of the fluorescent ions. For instance, tris(2,2′-bipyridyl)ruthenium(II) (Ru(bpy)3 2+ ) across the water/DCE interface showed quasi-reversible ion transfer features. 27 The frequency-dependent PMF response at the formal transfer potential is displayed in Fig. 7 . At lower frequencies, the PMF complex plane plot exhibited a roughly linear relationship, in agreement with a numerical simulation in the absence of the adsorption process ( Fig. 5(a) ). The magnitudes of the real and imaginary components decrease with increasing the potential modulation frequency up to ca. 10 Hz in the fourth quadrant. The distorted feature at higher frequencies in the third quadrant is most likely to be due to attenuation of the amplitude of ac potential-modulation introduced by the interfacial capacitance and the uncompensated solution resistance. 28 The PMF technique has also been applied to study the transfer reaction involving the adsorption process. The cationic zinc(II) porphyrin, 5,10,15,20-tetrakis(N-methylpyridyl)porphyrinato zinc(II) (ZnTMPyP 4+ ), initially placed in the aqueous phase, exhibited a complex interfacial behavior, in which ZnTMPyP 4+ was adsorbed at either side of the water/DCE interface. The corresponding PMF responses appeared in different quadrants of the complex plane, depending on whether the process took place from the aqueous or organic phase. In agreement with the theoretical model (Fig. 5(b) ), the PMF responses for ZnTMPyP 4+ measured at the potential corresponding to the adsorption process from the aqueous phase to the interface showed a distorted semicircle in the fourth quadrant (Fig. 8) . By analyzing the frequency dependence of PMF, the Gibbs free energy of adsorption could be evaluated for porphyrins from the kinetic parameters, adsorption and desorption rate constants, as values between -30 and -40 kJ mol -1 . 28,29 The PMF response brings about an even deeper understanding of the emission properties of the fluorescent ion located in the interfacial region. The wavelength dependence of the PMF intensity (PMF spectrum), in principle, can be considered as the emission spectrum of the interfacial species without the contribution of dc signals from the bulk phase. The PMF spectrum for the cationic free base porphyrin, H2TMPyP 4+ , 1046 ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 could be measured at a potential where the adsorption process takes place at the organic side of the interface (Fig. 9) . 29 The PMF spectrum indicates significant differences from the emission spectra measured in the bulk of the aqueous and organic phases. The wavelength of the maximum response in the PMF spectrum was found close to that of the emission spectrum measured in DCE. The peak ratio of the first and second maxima is, however, apparently different from that in the organic phase. This fact suggests that the solvation structure of interfacial species involving a long-range interaction correlated with the interfacial polarity is modified from both bulk species, and that it is adsorbed with the intermediate solvation structure. The dependence of the PMF intensity on the angle of the linear polarization of the excitation beam can also provide information about the molecular orientation of interfacial species. 27, 32 In the case of the adsorption of ZnTMPyP 4+ at a water/DCE interface, for instance, the plane of the porphyrin ring is oriented roughly parallel to the interface. 27 PMF spectroscopy allows us to elucidate the ion transfer and adsorption mechanisms along with a direct spectroscopic characterization of the interfacial species.
Concluding Remarks and Future Scopes
The practical features of potential-modulation spectroscopies were demonstrated by using a few examples taken from our recent studies for solid/liquid and liquid/liquid interfaces. In the application of protein modified electrodes to biosensors and bioelectrocatalytic systems, clarification of the state of immobilized protein is indispensable. The speculated models hitherto accumulated by a number of voltammetric works can be proved or denied clearly by ER and PMTA techniques through rather quick and easy measurements. These techniques are also applicable to track the behaviors of nano-materials at electrified interfaces.
At liquid/liquid interfaces, highly sensitive PMF techniques can disclose which processes actually undergo there, yet fluorescent molecules should be used.
In response to increasing demand for the elucidation of molecular-level dynamics, although the methods described here can gain access to the averaged information over the illuminated surface area in regards to molecular structures and behavior, a wide range of applicability of the potential-modulation technique is fascinating. Especially, the combined use of modulation optical signals with surface-selective or molecular imaging tools may find abundant opportunities to provide the basis of an accurate means to control the electrified interfaces. Coupling with theoretical developments in future, potentialmodulation spectroelectrochemical methods should become further sophisticated in order for the dynamics in double-layer region and key factors of the interfacial reactivity to be more deeply understood. 
